While greater than 80% of angiotensin II (Ang II) formation in the human heart and greater than 60% in arteries appears to result from chymase activity, no cardiovascular cellexpressed chymase has been previously reported. We now describe the cloning of a fulllength cDNA encoding a novel chymase from rat vascular smooth muscle cells. The cDNA encompasses 953 nucleotides, encodes 247 amino acids, and exhibits 74% and 80% homology in amino acid sequence to rat mast cell chymase I and II, respectively. Southern blot analysis indicates that the rat vascular chymase is encoded by a separate gene. This chymase was induced in hypertrophied rat pulmonary arteries, with 11-fold and 8-fold higher chymase mRNA levels in aortic and pulmonary artery smooth muscle cells from spontaneously hypertensive than in corresponding tissues from normotensive rats. We assayed the activity of the endogenous enzyme and of a recombinant, epitope-tagged chymase in transfected smooth muscle cells and showed that Ang II production from Ang I can be inhibited with chymostatin, but not EDTA or captopril. Spontaneously hypertensive rats show elevated chymase expression and increased chymostatin-inhibitable angiotensinconverting activity, suggesting a possible role for this novel enzyme in the pathophysiology of hypertension.
Introduction
While greater than 80% of angiotensin II (Ang II) formation in the human heart and greater than 60% in arteries appears to result from chymase activity, no cardiovascular cell-expressed chymase has been previously reported. We now describe the cloning of a full-length cDNA encoding a novel chymase from rat vascular smooth muscle cells. The cDNA encompasses 953 nucleotides, encodes 247 amino acids, and exhibits 74% and 80% homology in amino acid sequence to rat mast cell chymase I and II, respectively. Southern blot analysis indicates that the rat vascular chymase is encoded by a separate gene. This chymase was induced in hypertrophied rat pulmonary arteries, with 11-fold and 8-fold higher chymase mRNA levels in aortic and pulmonary artery smooth muscle cells from spontaneously hypertensive than in corresponding tissues from normotensive rats. We assayed the activity of the endogenous enzyme and of a recombinant, epitope-tagged chymase in transfected smooth muscle cells and showed that Ang II production from Ang I can be inhibited with chymostatin, but not EDTA or captopril. Spontaneously hypertensive rats show elevated chymase expression and increased chymostatin-inhibitable angiotensin-converting activity, suggesting a possible role for this novel enzyme in the pathophysiology of hypertension.
SMCs had been identified. Isolation and identification of such an enzyme could be important as a potential therapeutic target.
Although in rodents Ang II formation is primarily ACE-related, non-ACE-dependent Ang II formation is also found in rat heart (31, 32) and vasculature (33) (34) (35) and in cultured vascular cells (36, 37) . We now report the cloning and sequencing of a full-length cDNA encoding a novel rat vascular chymase (RVCH) from pulmonary artery SMCs. In situ hybridization also revealed increased RVCH expression in arteries from rats with pulmonary hypertension. We further document chymase activity by fluorescent substrate assay as well as Ang II generation in A10 cell extracts and show that both functions are inhibited by chymostatin. Moreover, stable transfection of the RVCH cDNA in A10 cells results in a more than eightfold increase in chymase activity. Recombinant epitope tag from influenza hemagglutinin RVCH cDNA, when transfected in A10 cells, produces a chymase with chymostatin-inhibitable Ang II-generating properties and a localization pattern similar to that observed with endogenous chymase. There is also increased expression of RVCH mRNA in vascular SMCs from spontaneously hypertensive rats (SHR), compared with normotensive rats, which correlates with enhanced chymase protein and chymostatin-inhibitable angiotensin-converting activity. Taken together, these studies provide both structural and functional evidence that we have cloned a novel vascular chymase that may be relevant to the pathogenesis of hypertension.
Methods
Cloning of RVCH cDNA. Pulmonary artery SMCs were obtained by explant technique from Sprague-Dawley rats (Charles River Laboratories, Wilmington, Massachusetts, USA) and characterized both by morphology and by a mAb that recognizes smooth muscle α-actin. RNA was extracted from SMCs using Trizol (Life Technologies Inc., Gaithersburg, Maryland, USA), according to the manufacturer's instructions. Then 3′-RACE was used to clone and sequence cDNAs encoding novel serine proteases (38) . The first-strand cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase and primer (dT)17-adaptor (5′-GACTC-GAGTCGACATCGATTTTTTTTTTTTTTTTT-3′). A degenerate oligonucleotide primer, 5′-GGNGAYTCNGGNGGNC-CNCT-3′ (Y = C or T; N = A, C, G, or T), was designed according to the amino acid sequence GDSGGP, which is conserved in serine proteases. An adaptor primer (5′-GACTCGAGTCGACATCGA-3′) was used for PCR. PCR consisted of a 4-minute denaturation at 95°C, followed by 35 cycles of 45 seconds at 95°C, 45 seconds at 55°C, and 30 seconds at 72°C. The fragments between 300 and 500 bp were isolated by gel purification and subcloned into pCR2.1 vector (Invitrogen Corp., Carlsbad, California, USA). Ninety colonies with an insert between 300 and 450 bp were sequenced. A sequence of 311 bp showing 84% homology to rat mast cell protease II (RMCP II) was identified, and the 5′ end of the cDNA was then obtained using 5′-RACE. Primers CD (5′-TATAAGAC-CTCAGGCTTGGAG-3′) and PC (5′-TCAGCTACTTTCCCT-TAAGAC-3′) were designed according to the sequences obtained from 3′-RACE for cDNA synthesis and PCR, respectively ( Figure 1a ). The first cDNA strand was synthesized using primer CD and purified using QIAquick spin column. A poly(A) tail was added to the 3′ end of the cDNA using terminal deoxynucleotidyl-transferase. PCR was performed under the same conditions as described above. PCR products were subcloned into pCR2.1 vector. Two colonies with an insert of approximately 800 bp in length were isolated and sequenced. They were found to be identical and contained a region of 135-bp overlap with the sequence obtained by 3′-RACE. The full-length cDNA was obtained by RT-PCR. Two primers (forward primer: 5′-GAGAAGCTCACCCCAGGCTGCA-3′; reverse primer: 5′-GGAAATTATGTCTTTATTGAGG-3′) were used. The PCR products were subcloned and three colonies were isolated and sequenced.
Southern blot analysis. Genomic DNA was extracted from Sprague-Dawley rat hearts using a salt-chloroform method (39) . Eight micrograms of DNA was digested with BamHI and EcoRI. The digested DNA was separated on a 0.7% agarose gel, transferred to a Hybond-N + membrane, and hybridized with the 5′-RACE cDNA fragment or RMCP II cDNA. Hybridization was performed using QuickHyb (Stratagene, La Jolla, California, USA,) according to manufacturer's instructions.
RVCH expression by RT-PCR. Rat mast cell lines RBL-1 and RBL-2H3, a rat B-cell line (GP21:56), and a rat fetal fibroblast cell line (Rat2) were obtained from American Type Culture Collection (Rockville, Maryland, USA). Aorta and pulmonary artery SMCs and tissues were taken from 8-week-old Sprague Dawley, SHR, and Wistar-Kyoto (WKY) rats (Charles River Laboratories). Total RNA was extracted from cells and tissues using Trizol as described above. Reverse transcription and PCR conditions were also similar to those described above, but the primers were designed for specific amplification of RVCH cDNA. The forward primer is 5′-GAG-GCCTGTAAAATCTATAGAC-3′ and the reverse primer is 5′TGTGTATCTTTGAGAGCCTCAA-3′. The PCR conditions are the same as described above, except that the annealing temperature was set to 58°C, which was optimized to amplify RVCH cDNA specifically. GAPDH cDNA was amplified in a separate PCR reaction as a control for cDNA quality.
Construction of expression vectors and epitope tagging of RVCH. To maximize translational efficiency, a Kozak consensus sequence (40) GCCACC was added to the RVCH cDNA immediately adjacent to the translation initiation codon using PCR with forward primer 5′-reading frame and the fidelity of the sequence. To localize RVCH and distinguish recombinant RVCH from endogenous RVCH, HA tag (YPYDVPDYA), a peptide from human influenza hemagglutinin protein, was added to the COOH-terminus of mature RVCH. The two PCR primers used to add HA were as follows: forward primer 5′-GCGGGATCCACTAGTGC-CACCAT-3′; reverse primer 5′-CGGTCTAGATCAAGCG-
TAGTCTGGGACGTCGTATGGGTAGCTACTTTCCCTTAA-
GACTGT-3′. The HA sequence is underlined. The resultant PCR product was cloned into pcDNA3.1(+) vector at BamHI/XbaI sites. Sequence analysis was performed to confirm that RVCH with HA tag (RVCH-HA) was in the correct reading frame and no sequence errors had occurred. In situ hybridization. To investigate whether RVCH expression would be induced under conditions where there was evidence of active remodeling of the arterial wall associated with proliferation of SMCs, we carried out in situ hybridization using hypertrophied pulmonary artery tissues harvested from rats in which pulmonary hypertension had been induced by an injection of the toxin monocrotaline 21 days earlier (41) . Briefly, RVCH was subcloned into pGEM-T vector in a reverse orientation as confirmed by sequencing. Sense and antisense digoxigenin-labeled mRNA probes were synthesized using the DIG RNA labeling Kit (Sp6/T7; Roche Molecular Biochemicals, Laval, Quebec, Canada). Paraffin-embedded sections of pulmonary arteries were hybridized at 65°C for 16 hours in hybridization buffer containing 2 ng/µl digoxigenin-labeled probe, 50% formamide, 1 mg/ml rRNA, and 1× Denhardt's solution. After washing, sections were blocked at room temperature for 1.5 hours in blocking buffer (pH 7.5; 100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20). Sections were incubated overnight at room temperature with sheep anti-digoxigenin Ab conjugated with alkaline-phosphatase diluted at 1:2,500 in blocking buffer, and then stained using the substrate for alkaline phosphatase.
Figure 1
Nucleotide sequence and deduced amino acid sequence of RVCH. (a) The nucleotide sequences annealing to the degenerate primer (DG), the primer used for 5′-RACE cDNA synthesis (CD), and the PCR primer (PR) are underlined as described in Methods. The deduced amino acid (aa) sequence contains an 18-aa signal peptide (-20 to -3), a 2-aa proenzyme (-2 to -1), and the mature enzyme (aa 1 to 227). The catalytic triad of amino acid (His45, Asp89, and Ser182), conserved Cys (C) residues, and a conserved sequence for serine proteases at the NH 2 -terminal (IIGGVE) are in boldface. The sequence is available under GenBank accession number AF063851. (b) Comparison of amino acid sequence of RVCH with other chymases. The deduced amino acid sequence of RVCH is aligned with those of RMCP I, RMCP II, and human chymase (HC). The residues identical to those of RVCH are indicated with hyphens. The conserved catalytic triad, Cys residues, and the conserved sequence for serine proteases (IIGGVE) are in boldface.
Figure 2
Southern blot analysis of the RVCH gene. Rat genomic DNA was digested with BamHI (B) and EcoRI (E). The blot was hybridized with the 5′-RACE fragment of RVCH and RMCP II cDNA. The membrane was washed with 2× SSC/0.1% at room temperature, followed by SDS 0.1× SSC/0.1% SDS at 68°C. The pattern of bands detected by the 5′-RACE fragment of RVCH was different from that detected with RMCP II cDNA.
Northern blot analysis. Northern blot analysis was performed on samples positive for RVCH expression by RT-PCR, i.e., rat pulmonary artery and aortic SMCs and A10 cells. Twenty-five micrograms of total RNA were separated on a 1% agarose gel and transferred to a Hybond-N + membrane. The membrane was hybridized with the full-length RVCH cDNA using QuickHyb. After autoradiography, the membrane was then stripped and rehybridized with a rat GAPDH cDNA probe as an internal control.
Localization of RCVH. Two Ab's against peptide sequences from RVCH were generated. The peptide sequences were chosen based on specificity, hydrophilicity, antigenic index, and surface probability predicted by MacVector software (Oxford Molecular Group, Oxford, United Kingdom) (42) . Peptide A (LSTLQTAYT) and peptide B (GRTGVKDPTSDT) correspond to amino acids 170-179 and 129-140 of mature RVCH, respectively. The Ab against peptide A was prepared in our laboratory, and the Ab against peptide B was prepared by Zymed Laboratories Inc. (South San Francisco, California, USA). Both peptide A and B were coupled to a large carrier protein called keyhole limpet hemocyanin before immunizing the rabbit. The peptide Ab's were purified using a peptide-affinity column. As assessed by ELISA and dot blot, the rabbits produced a high titer of Ab that specifically recognized the immunizing peptide.
RVCH-HA-and pcDNA-transfected A10 cells, as well as mast cells (RBL-1 and RBL-2H3, as described above), were fixed using 4% paraformaldehyde followed by a 15-minute permeabilization in PBS containing 0.1% Triton X-100. After blocking with normal serum, cells were incubated with peptide Ab's (A or B) against RVCH or with a high-affinity rat mAb against the HA tag (1:200). The cells were then incubated with biotinylated anti-rabbit or anti-rat secondary Ab and then with FITC-labeled streptavidin. Normal rabbit or rat IgG was used as a control. Aorta and mesenteric artery from 8-week-old WKY and SHR rats were fixed in neu- 
Figure 4
In situ hybridization analysis of RVCH mRNA expression in pulmonary hypertension. Representative photomicrographs of in situ hybridization with digoxigeninlabeled RVCH antisense (c and f) and sense (b and e) riboprobes in PA from rats 21 days after monocrotaline (d, e, and f) and saline injection (a, b and c). RVCH mRNA expression appears as dark blue staining (arrow) and is only detectable in monocrotaline-treated rats. Movat pentachrome staining shows PA hypertrophy in monocrotaline-treated rats (d) compared with saline-treated rats (a).
tralized 10% formalin, embedded in paraffin, and used for immunohistochemical staining of chymase. To avoid autofluorescence caused by the abundant elastin in the aorta, sections were stained by an immunoperoxidase method using the Vectastain ABC kit (Vector Laboratories, Burlingame, California, USA), according to the manufacturer's instructions.
Western blot analysis. SMCs were obtained from aorta and pulmonary artery of 8-week-old male WKY and SHR rats by explant method. Proteins (10 µg) were resolved by precast 8-16% PAGE (Novex, San Diego, California, USA) and transferred to a PVDF membrane. After blocking, membranes were incubated with RVCH peptide A or B Ab (1:1000). The membranes were washed and incubated with anti-rabbit IgG secondary Ab conjugated with peroxidase (1:10,000). The target protein was detected and visualized by enhanced chemiluminescence according to manufacturer's instructions.
Transfection procedure. A10 cells were transfected by Lipofectamine Plus (Life Technologies Inc.) following manufacturer's instructions. A pcDNA3.1(+) vector, without insert, was used to transfect A10 cells as a control. The recombinant clones were selected in medium containing 400 µg/ml of neomycin (G418) for 3 weeks. The cells were harvested and cell extracts were prepared as described above. It has been shown previously in COS-1 cells that recombinant human heart chymase requires activation by a dipeptidylpeptidase-I (DPPI) (43) . To test whether the recombinant rat vascular prochymase was properly processed, the same amount of cell extract was preincubated with 0.1 unit porcine kidney DPPI in 20 mM phosphate buffer, pH 6, containing 0.3 M KCl in a total volume of 20 µl at 37°C for 30 minutes. The cell extract-DPPI reaction mixture was then subjected to a chymase-activity assay using the fluorescent synthetic substrate.
Immunoprecipitation of RVCH. Recombinant RVCH was immunoprecipitated in HA-tagged RVCH-transfected A10 cells using a kit from Roche Molecular Biochemicals according to the manufacturer's instruction. High-affinity anti-HA mAb (2 µg/ml) was incubated with cell lysates from pcDNA-and RVCH-HA-transfected A10 cells. Immune complex was collected by centrifugation after incubation with protein G agarose. Immunoprecipitation of HA-tagged RVCH was confirmed by Western blot analysis. Immunoprecipitated samples were resuspended in chymase-activity assay buffer. The ability of recombinant RVCH to cleave Ang I was examined by the same HPLC method used with the A10 cell lysate described below.
Chymase-activity assay. To provide evidence supporting a functionally active RVCH, A10, and aortic and pulmonary artery SMCs from 8-week-old Sprague-Dawley, WKY, and SHR rats (Charles River Laboratories) were used. Samples were prepared according to a paper published previously (44) . The vesicles were extracted from SMCs and resuspended in 20 mM Tris-HCl buffer, pH 8.0. A synthetic fluorescent substrate, Suc-Leu-Leu-Val-Tyr-AMC (40) , was used to test chymase activity. Chymase activity was defined as fluorescent units per minute per milligram of protein. To further confirm chymase activity, the cell extracts were preincubated at room temperature for 30 minutes with a variety of protease inhibitors, chymostatin, EDTA, captopril, enalapril, aprotinin, soybean trypsin inhibitor, a1-trypsin inhibitor, pepstatin, and leupeptin, in concentrations described previously (20) .
Ang II-forming activity related to RVCH was assayed using the protocol described by Urata (20) . Briefly, 0.8 fluorescent units per minute enzyme determined by the synthetic substrate were mixed with the reaction buffer. The enzyme-buffer mixture was preincubated with the inhibitors described above or the same volume of inhibitor vehicle, then 10 nM Ang I or Ang II were added. The reactions were incubated at 37°C for 60 minutes and stopped by the addition of 300 µl ice-cold 100% ethanol. The digested peptides were recovered by vacuum drying and analyzed using a C18 reverse-phase HPLC column (Pharmacia, Baie d'Urfe, Quebec, Canada). Peptides were separated using a linear gradient of 12-36% acetonitrile in 0.05% trifluoroacetic acid for 30 minutes at a flow rate of 0.75 ml/min. Elution was monitored as the absorbance at 216 nm. Separated peaks were collected manually and lyophilized. Molecular weight was determined by a mass spectrophotometer.
Calculation of K m and K cat of purified RVCH. RVCH was purified from RVCH-transfected A10 SMCs according to methods described previously (27) . Briefly, SMC extracts, as described in the chymase-activity assay, were applied to a heparin affinity column (5 ml Hitrap heparin; Amersham Pharmacia Biotech, Piscataway, New Jersey, USA), which was pre-equilibrated with 20
Figure 5
Northern blot analysis of RVCH mRNA levels. Total RNA from Sprague-Dawley PA SMCs, AO SMCs, A10 cell line, SHR PA SMCs, and AO SMCs was used for Northern blot analysis of RVCH mRNA levels. (a) A representative blot showed a single 1.3-kb mRNA band in all samples detected using the full-length RVCH cDNA (953 nucleotide) probe. The membrane was then stripped and rehybridized with a GAPDH probe as a control. (b) Densitometric quantification of Northern blots revealed a significant increase in the RVCH/GAPDH ratio in SHR versus Sprague-Dawley in both AO and PA. The data are depicted as mean ± SEM of three independent experiments. A P < 0.05 versus Sprague-Dawley.
mM Tris-HCl buffer, pH 8.5, containing 0.1 M KCl. The column was eluted with a linear gradient (0-100% for 60 minutes) of 20 mM Tris-HCl buffer, pH 8.0, containing 1.8 M KCl and 0.1% Triton X-100. The flow rate was 0.5 ml/min. These steps were repeated six times, and the active fractions with Ang II-forming activity were pooled. The active fractions were applied to a gel filtration column (1.6 × 60 cm Hiprep Sephacryl S-100 HR; Amersham Pharmacia Biotech), which was equilibrated with 20 mM Tris-HCl, pH 8.5, containing 0.5 M KCl and 0.1% Triton X-100, and then eluted with the same buffer. To determine K m and K cat values, purified RVCH was incubated with 11 different concentrations (10-600 µM) of Ang I at 37°C for 20 minutes (20) . Ang II was separated by HPLC, and its concentration was determined using a radioimmunoassay kit (Peninsula Laboratories Inc., Belmont, California, USA). K m , V max and K cat were calculated using a Lineweaver-Burk plot.
Conversion of Ang I to Ang II in intact SMCs by chymase. In vivo conversion of Ang I to Ang II was detected in RVCH-transfected A10 cells and SMCs from WKY and SHR rats. RVCH-transfected and vector-transfected A10 cells, as well as SMCs from SHR and WKY rats, were incubated with Ang I (1 pM) for 1 hour. In some experiments, cells were preincubated with chymase inhibitor chymostatin for 15 minutes before the addition of Ang I. SMCs were harvested, and cell homogenates were centrifuged at 10,000 g for 15 minutes. The resulting supernatant was used for detection of Ang II. Ang II was separated by HPLC, as described above, and Ang II concentration was measured by radioimmunoassay kit (Peninsula Laboratories Inc.).
Statistical analysis. All data are expressed as mean ± SEM. The difference between two groups was calculated using Student's t test. ANOVA analysis was used when three groups were compared followed by a Tukey's test of multiple comparisons. A P value of less than 0.05 was considered statistically significant.
Results
Cloning and sequencing of RVCH cDNA. We generated cDNA sequences that might encode novel proteolytic enzymes in rat pulmonary artery SMCs. The 3′-RACE PCR products of the expected size range of serine proteases, i.e., between 300 and 500 bp, were isolated and subcloned, and 90 colonies were sequenced and compared with the GenBank database. Among these sequences, clone 3-19 contained an insert of 311 bp with 84% homology to the 3′ end of RMCP II cDNA. The sequence contained an open reading frame encoding 44 amino acid (aa), a stop codon, and a 177-bp 3′ untranslated region containing a putative polyadenylation signal sequence AAUAAA. From this sequence, two primers were designed and used to clone the 5′ end of the cDNA, one for cDNA synthesis and one for PCR amplification as described in Methods. Use of 5′-RACE resulted in a 777-bp sequence with 135 bp overlapping with clone 3-19. The full-length cDNA (Figure 1a ) was obtained by PCR with primers at the ends of 3′-RACE and 5′-RACE fragments.
The cDNA encompasses 953 bp with a 33-bp 5′ untranslated region, 740-bp coding region, and a 177-bp 3′ untranslated region described above, and the sequence was confirmed in three different colonies and in RT-PCR products from rat pulmonary artery SMCs, as well as A10 cells. The 247 deduced amino acid sequence is composed of an 18-aa signal peptide, a 2-aa
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The (e-h) Immunohistochemical staining of RVCH in AO and mesentery artery from WKY and SHR rats. Immunoperoxidase staining of AO (f) and mesentery artery (h) sections reveals immunodetection of RVCH (arrows) in medial SMCs in 8-week-old SHR rats, but no staining was found in an AO (e) or mesentery artery (g) from an age-matched WKY rat. ×100. These results were obtained using the Ab against peptide B, described in the text. Representative of n = 3 per group.
proenzyme, and a 227-aa mature enzyme containing the conserved catalytic triad, His45, Asp89, and Ser182, and six conserved cysteines. A GenBank search reveals that RVCH is a novel gene with high homology to other members of the chymase family, e.g., 81 and 84% nucleotide and 74 and 80% amino acid homology to RMCP I and RMCP II, respectively ( Figure 1b ; Table 1 ). Southern blot analysis of RVCH. To confirm that RVCH is derived from a gene distinct from that of other chymases, Southern blot analysis was carried out. Rat genomic DNA was digested with BamHI and EcoRI and probed with the 5′-RACE fragment of RVCH and RMCP II cDNA. When stringency was increased by raising the washing temperature to 68°C, only a 3.8-kb BamHI and a 4.5 kb EcoRI band were detectable ( Figure  2 ). The Southern blot pattern for RVCH is different from that detected using RMCP II cDNA, i.e., a 6-kb BamHI restriction fragment and multiple EcoRI fragments range from 1.5 to 2.2 kb, as reported previously (45) . Thus, analysis of genomic DNA indicates that RVCH is encoded by a separate gene but there is cDNA homology to other members of the chymase family.
Expression of RVCH mRNA. RT-PCR was performed using RNA from different tissues and cell lines to investigate the pattern of RVCH expression. RVCH mRNA was detected in pulmonary artery and aortic SMCs from the Sprague-Dawley rats, A10 cells, mast cell lines (RBL-1 and RBL-2H3), but not in pulmonary artery, aorta, or other tissues screened, such as heart, lung, kidney, liver, or skeletal muscle, and not in a rat B-cell line (GP21:56) or a rat fetal fibroblast cell line (Rat 2) (Figure 3a) . We further investigated whether primary cultured SMCs and tissues derived from SHR expressed RVCH. When RT-PCR was performed with RNA from different SHR tissues, RVCH transcripts were found in cultured pulmonary artery and aortic SMCs and lung tissue but not in aorta, pulmonary artery, or other tissues, which were also negative in Sprague-Dawley rats (Figure 3b ). We showed, however, by in situ hybridization, upregulation of RVCH mRNA associated with evidence of SMC proliferation in hypertrophied pulmonary arteries harvested from rats 21 days after injection of the toxin monocrotaline (Figure 4f ), but not in control vessels from rats injected with saline (Figure 4c) .
To determine the levels of expression of RVCH in vascular SMCs, Northern blot analyses were carried out. The full-length RVCH cDNA when used as a probe, hybridized to a single band of 1.3 kb in RNA from pulmonary artery and aortic SMCs of SpragueDawley and SHR rats, as well as from A10 cells ( Figure  5a ). The Northern blot results were consistent in RNA samples from three independent primary cultures, compared by densitometry and normalized to GAPDH. An 11-fold and more than 8-fold increase in RVCH mRNA levels were detected, respectively, in aorta and pulmonary artery SMCs of SHR rats when compared with Sprague-Dawley rats (Figure 5b) . A
Figure 7
Western blot analysis shows increased RVCH in SMC from SHR versus WKY rats. Total protein (10 mg) was resolved using an 8-16% gradient Tris-glycine gel. A peptide Ab that is specific to RVCH was used as the primary Ab. The data are depicted as mean ± SEM of three independent experiments. P < 0.05, RVCH versus pcDNA. similar result was found when comparing RNA from SHR with genetically related WKY rats (data not shown). To confirm sequence identity of RVCH in SHR rats, we amplified by PCR and subcloned the fulllength RVCH cDNA from pulmonary artery SMCs of SHR rats. No mutation, that might account for the increased expression of the mRNA was found by sequencing of the complete cDNA from three colonies and from the RT-PCR products.
Expression of RVCH protein. Mast cell chymase described previously has been localized intracellularly to mast cell granules. Immunofluorescent staining using a chymase peptide Ab (B) revealed a punctate pattern of immunostaining in the cytosol of control vector-transfected cells, which was similar to that observed using a high-affinity mAb against HA in RVCH-HA tag-transfected A10 cells ( Figure 6, c and d) . The punctate staining disappeared when the peptide Ab was preincubated with 20 times more of the corresponding synthetic peptide. The similar distribution of recombinant-tagged RVCH and endogenous RVCH immunostaining in the cytosol is consistent with both reflecting the same protein. Furthermore, no staining was found when the same peptide Ab was applied to cultured mast cell lines RBL-1 and RBL-2H3 (data not shown). Chymase was also detected by immunoperoxidase staining in SMCs of the aorta from SHR but not WKY rats ( Figure 6 , f and h). The staining is specific for RVCH; it was completely blocked following preincubation of the peptide Ab with synthetic peptide.
Western blot analysis using the peptide Ab specific to RVCH detected a 30-kDa band in SMC extracts (Figure  7a) , consistent with the size of RVCH. Densitometric analysis of this band revealed that RVCH was significantly increased in SMCs from the aorta and pulmonary artery of SHR compared with WKY rats (4.5-and 2.3-fold, respectively) (Figure 7b) .
Demonstration of chymase activity in SMCs. The increase in chymase protein concentration in SMC extracts from SHR versus WKY rats was reflected in a similar elevation in chymase activity (Figure 7c ), detected as described in the Methods, using a selective synthetic fluorescent substrate (Suc-Leu-Leu-Val-Tyr-AMC) and recorded as an increasing amount of free AMC over time. We also detected chymase activity in A10 cell extracts, but not in conditioned media, indicating that it was not secreted under normal culture conditions. To confirm that this reaction was specific for chymase activity, different protease inhibitors were preincubated with the A10 cell extracts. The enzyme activity was almost completely inhibited by chymostatin, a chymase inhibitor, partial-
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The ly inhibited by other serine protease inhibitors such as aprotinin, α1-trypsin inhibitor, and soybean trypsin inhibitor, but not by the general protease inhibitor pepstatin, the metalloproteinase inhibitor, EDTA, the aspartic protease inhibitor, leupeptin, or by the ACE inhibitors, captopril and enalapril ( Table 2) . As well, chymase activity was observed in primary SMCs cultured from rat, porcine, and human aorta and pulmonary artery (data not shown).
To confirm that the RVCH cDNA specifically encodes a functionally active chymase, we expressed recombinant RVCH in A10 cells and tested chymase activity using Suc-Leu-Leu-Val-Tyr-AMC. The expression (Figure 8a ) and successful immunoprecipitation of HA-tagged RVCH was confirmed by Western blot analysis. A10 cells stably transfected with the RVCH cDNA construct showed 8.5-fold increase in chymase activity compared with the control vector (Figure 8 ). Addition of DPPI did not cause a further increase in chymase activity in both RVCH and control vector-transfected cells, indicating that A10 cells have the ability to process the recombinant pro-chymase to the active enzyme.
Ang II formation. We next determined whether SMC chymase activity could result in Ang II conversion from Ang I. Ang I was used as a substrate, and after incubation with A10 cell extracts, HPLC analysis was used to detect reaction products. Five major peaks were observed (Figure 9a) , and the Ang I-derived peptides were identified using mass spectrophotometry. Peak A contained peptide Asp1-Pro7; peak B, peptide Ile5-Phe8; peak C, Pro7-His9; peak D, Ang II (Asp1-Phe8) and Ile5-Leu10; and peak E, undigested Ang I (Asp1-Leu10). To distinguish the peptides that were specifically generated by chymase activity, A10 cell extracts were preincubated with different protease inhibitors. When chymostatin was added to the cell extracts, peak B (fragment Ile5-Phe8) and the Ang II component in peak D were completely eliminated. Ang II formation detected by HPLC was inhibited by chymostatin, but not by captopril (Figure 9a) or enalapril (not shown), suggesting that the formation of Ang II from Ang I in these cultured A10 cells resulted from chymase rather than ACE activity. There was some inhibition of Ang II peptide formation by aprotinin, α1-trypsin inhibitor, and soybean trypsin inhibitor, judged by analysis of HPLC peaks, although not to the extent observed with chymostatin, and there was no inhibition observed with EDTA, leupeptin, or pepstatin (data not shown). The fragment Ile5-Phe8 shares a common cleavage site at the Phe8-His9 bond with Ang II. It is this cleavage site that is attributable to chymase activity.
We further tested directly Ang II cleavage by chymase by adding Ang II to A10 cell extracts and analyzed the reaction products using HPLC (Figure 9b ). Ang II was cleaved at the Tyr4-Ile5 bond, but this cleavage could not be inhibited by 10 µM or 100 µM chymostatin synthetic substrate. The Ile5-Leu10 peptide in peak D was protected from cleavage by chymostatin. This suggests that Tyr4-Ile5 cleavage may be mediated by other proteinases in the cell lysate.
These results were further confirmed by the conversion of Ang I to Ang II when Ang I was incubated with immunoprecipitated HA-tagged RVCH (Figure 10 ). We did not observe peaks B (Ile5-Phe8) and D (Ile5-Leu10) due to cleavage of Tyr4-Ile5, further supporting lack of cleavage by RVCH. Our results suggested that this novel vascular chymase has α-chymase function. This
Figure 10
Conversion of Ang I to Ang II by immunoprecipitated recombinant RVCH. Cell lysates from pcDNA and HA-tagged RVCH-transfected A10 cells were immunoprecipitated with high-affinity mAb against HA. Ang I was incubated with immunoprecipitated RVCH and analyzed using HPLC. The separated peaks were collected for molecularweight analysis by mass spectrophotometry. Conversion of Ang I to Ang II was confirmed only when Ang I was incubated with immunoprecipitated protein from HA-tagged RVCH. Chymostatin eliminated the Ang II peak. Captopril could not inhibit the generation of Ang II, suggesting that the cleavage at the Phe8-His9 bond is the result of a chymase rather than angiotensin-converting enzyme. Protease inhibitors were preincubated with A10 cell extracts at room temperature for 30 minutes The substrate Suc-Leu-Leu-Val-Tyr-AMC was then added to the enzyme-inhibitor mixture. The reactions were monitored and recorded. The values given are mean ± SEM of three independent assays. These findings are consistent with the reduction in chymase activity observed using the fluorescent substrate.
was further supported by a similar K m (68.97 µM), V max (250 pM/min), and K cat (9689.9/min) values ( Figure 11 ) compared with α-chymase (human chymase) (20) . The chymase-dependent conversion of Ang I to Ang II was confirmed in RVCH-HA-transfected A10 cells and SMCs from SHR rats. It was of interest that all the increase in Ang II production in the RVCH-transfected cells, when compared with control, as well as in the SHR compared with WKY SMCs, was chymostatin inhibitable (Figure 12 ), indicating that chymase is responsible for Ang I to Ang II conversion in SMCs.
Discussion
We cloned a full-length cDNA encoding a novel chymase from cultured rat vascular SMCs. This chymase shows high homology in cDNA and amino acid sequence to RMCP I and RMCP II produced by mast cells. The cDNA cloned was transcribed from a separate gene; a 1.3-kb mRNA was observed in RNA from primary cultured pulmonary artery and aorta SMCs and in the A10 cell line, and there was a marked increase in expression in cells from SHR versus normotensive rats. In situ hybridization also revealed increased RVCH expression in arteries from rats with pulmonary hypertension. Both endogenous and recombinant RVCH protein show a similar immunolocalization pattern in the cytosol, and an increase in RVCH detected in the aorta of SHR versus normotensive rats correlates with an elevation in protein levels assessed by Western immunoblotting and in chymase activity assessed using an immunofluorescent substrate. Transfecting A10 cells with the RVCH cDNA construct further documented that the translated product is a functionally active chymase. Conversion of Ang I to Ang II was documented by HPLC separation and analysis of peptides by mass spectrophotometry, using cell lysates, purified recombinant RVCH, and intact SMCs. Moreover, in SMCs from SHR versus WKY rats, there was a marked increase in Ang II conversion from Ang I, which was inhibited by chymostatin. Our results therefore provide the first evidence, to our knowledge, that links a specific cDNA sequence encoding RVCH to a functionally active chymase in vascular SMCs. In SHR versus normotensive rats, the increase in RVCH mRNA and protein in smooth muscle cells correlates with chymase activity and angiotensin conversion, suggesting that RVCH may be related to hypertension.
Using RT-PCR, we showed that RVCH was expressed in vascular SMCs as well as in mast cell lines (RBL-1, RBL-2H3), but not in a B-cell line (GP21:56) and a fibroblast cell line (rat2), excluding the possibility that the gene is constitutively expressed in all proliferating cells. The contamination of primary SMCs by mast cells can be excluded since these cultures have been shown to uniformly express smooth muscle α-actin and since RVCH mRNA was also detected in the aortic SMC line (A10). In Sprague-Dawley rat tissues, e.g., pulmonary artery, aorta, and heart, the level of RVCH transcripts was below detection by RT-PCR, suggesting that the mRNA may be transcribed only in actively proliferating cultured SMCs. This is consistent with the increase in RVCH mRNA expression by in situ hybridization of hypertrophied but not normal pulmonary arteries. We speculate that RVCH mRNA might also be induced during a certain window in development or in response to arterial injury, e.g., in atherosclerosis when SMCs are relatively dedifferentiated, proliferating, and migrating. It is possible that in mature vascular and other tissues the enzyme is stored in granules like other chymases in mast cells. Another example is neutrophil elastase mRNA, which can be detected in immature promyelocytes but not in mature neutrophils that store the active enzyme in granules (46) . Mast cell proteases are bound to proteoglycans in secretory granules and released only when cells are stimulated (47) . This may explain why, in some reports, chymostatin-sensitive Ang II-forming activity was undetectable in rat arteries under physiological condition (23) .
Chymases are potent proteases with numerous target substrates. Known chymase functions include conversion of big-endothelin-1 to endothelin-1 (48), inactivation of bradykinin and kallidin (49) , degradation of substance P and vasoactive intestinal peptide (50) , and formation of Ang II from Ang I. Chymases may also play an important role in cardiovascular tissue remodeling through their ability to activate progelatinase B (MMP-9) (51, 52), to directly degrade matrix proteins such as fibronectins and type IV collagen (53, 54) , and to initiate collagen fibril formation by cleaving type I procollagen. Chymases can also stimulate collagen synthesis and SMC proliferation by converting Ang I to Ang II (55) . Ang I catalysis may differ in human and rat chymases. Human chymase, specifically, hydrolyses the Phe8-His9 bond of Ang I, while RMCP I degrades the Tyr4-Ile5 bond with approximately 20-fold higher catalytic efficiency than the Phe8-His9 of Ang I (56).
Mammalian chymases can be classified as two subgroups according to their structure and substrate specificity (57) . The α-chymases include human chymase, baboon chymase, dog chymase, and mouse chymase-5 and convert Ang I to Ang II, while not degrading Ang II. The remaining known mammalian chymases, e.g., RMCP I, RMCP II, mouse chymase -1, -2, -4, and gerbil chymase-1 are classified as β-chymases. The novel vascular chymase, RVCH, shows 74% and 79% homology in amino acid sequence to RMCP I and RMCP II and 56% homology to human heart chymase, thus, structurally belongs to the β-chymase family. We tested chymase activity in A10 cell extracts using Ang I and II as substrates. The cleavage of the Phe8-His9 bond was completely inhibited by chymostatin, while cleavage of the Tyr4-Ile5 bond was not. This raises the possibility that the cleavage of the Tyr4-Ile5 bond could result from other enzymes in the cell extracts. This result was supported by the observation that purified RVCH only cleaves Ang I at Phe8-His9. Based on the substrate specificity and similar K m and K cat value to human chymase (α-chymase), this vascular chymase has α-chymase function indicating functional heterogeneity in chymases classified structurally as members of the β subgroup.
We showed through transfection studies that the RVCH cDNA can be translated to a functionally active chymase and processed correctly in A10 cells. Based on the deduced amino acid sequence, RVCH contains an 18-aa signal peptide and a 2-aa proenzyme peptide GluGlu. As reported previously, Glu-Glu is a cleavage site for DPPI (58) . It appears, like other chymases, to be translated initially as a zymogen and then processed to an active form by endogenous DPPI cleavage of the propeptide (59, 60) . Since transfection of COS-1 cells with the human chymase results in an inactive prochymase (43), we selected A10 cells for transfection. A10 cells have chymase activity and therefore should possess mechanisms necessary for processing the prochymase. The addition of DPPI to the cell extracts resulted in only a minimal increase in chymase activity, indicating that most of the recombinant RVCH in A10 cells was processed properly. Our preliminary data reveal that TGF-β1, Il-10, and TNF-α do not stimulate the release of chymase from cultured A10 cells (unpublished data). Thus, the regulation of chymase release in SMCs needs further study.
Since both peptide Ab's fail to immunoprecipitate RVCH, we cannot assess precisely the contribution of RVCH to the chymase activity detected in the cell extracts. Our results, however, are consistent with a relationship between the cloned RVCH and endogenous SMC chymase based upon the following experimental evidence. First, transfection of A10 cells with cloned RVCH increases chymase activity in cell extracts; second, an endogenous protein that has the same molecular weight as chymase was detected by using an Ab specific to RVCH; third, a similar distribution pattern was revealed by immunostaining using Ab's against endogenous RVCH and the transfected RVCH with the HA tag.
The SHR is the most widely studied animal model of essential hypertension. Although the exact mechanism of hypertension in SHR rats is not clear, it is generally accepted that increased local production of Ang II from cardiovascular tissues plays a crucial role in the initiation and maintenance of hypertension in this model (61, 62) . While the pathophysiological role of RVCH in the development of hypertension in the SHR rat remains to be determined, it could potentially account for the elevation in Ang II.
The RVCH mRNA levels are elevated in cultured aorta SMCs from SHR when compared with those from Sprague-Dawley and WKY rats. This suggests that the abnormality may be related to enhanced transcriptional regulation or stability of chymase mRNA. The increase in RVCH mRNA in cultured vascular cells, but not in vascular tissue from adult rats, is intriguing, and studies addressing the temporal expression of this enzyme in proliferating cells in embryonic and neonatal vessels would be of interest, particularly if a correlation could be made with the onset of hypertension. It is of interest that a similar increase in Ang II production from Ang I was detected in the cells of SHR versus WKY rats, as well as in RVCH versus vector-transfected A10 cells, and could be attributed to chymase activity, i.e., in that it was chymostatin inhibitable. It has been shown in hepatocytes (63, 64) and in cancer cells (65) that chymostatin can enter cells and inhibit intracellular proteolysis, and chymase inhibitors can also inhibit enzymes associated with the cell membrane (66) . Recent studies have
Figure 12
Conversion of Ang I to Ang II by intact SMCs. RVCH-HA-transfected and vector-transfected A10 cells, as well as SMCs from SHR and WKY rats, were incubated with Ang I (1 pM) for 1 hour. In some experiments, SMCs were preincubated with the chymase inhibitor, chymostatin, for 15 minutes before the addition of Ang I. SMCs were harvested, and Ang II was separated using HPLC subsequent to quantification by radioimmunoassay. Values given are mean ± SEM of four independent experiments. A P < 0.05 versus all other groups.
shown that intracellular Ang II can play an important role in gene regulation and cell communication (67) via an intracellular receptor (68, 69) and that its release may be regulated by mechanical factors (70) .
It has been reported that the pulmonary pressure is also elevated in SHR as compared with WKY rats (71) . This result is consistent with our finding of increased expression of chymase in pulmonary vascular SMCs from SHR rats. We also found evidence of upregulation of RVCH mRNA in hypertrophied pulmonary arteries from rats 21 days after injection of monocrotaline. Our previous studies had shown active remodeling with evidence of vascular SMC proliferation and accumulation of ECM (41) . In addition to RVCH mRNA levels, chymase protein and enzyme activity related to production of Ang II are elevated in SHR vascular cells, and this could be attributed to RVCH and non-RVCH chymases. Taken together, our results suggest only that RVCH might be relevant to the pathophysiology of hypertension in the SHR rats. To further investigate this relationship it will be of interest to selectively inhibit RVCH in SHR rats through their development or to overexpress RVCH in transgenic mice.
